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HIGH BTU GAS BY THE DIRECT CONVERSION OF COAL 
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INTRODUCTION 1 

P r o c e s s e s  f o r  t h e  p roduc t ion  of high-Btu gas  from c o a l  a r e  being developed f o r  1 
f u t u r e  use when t h e r e  i s  an economic need f o r  manufactured g a s . & 5 ) '  
p r o c e s s e s  based on b o t h  c o a l  and petroleum are a v a i l a b l e ,  and v a r i o u s  e s t i m a t i o n s  
of p roduc t ion  c o s t s  o r  s e l l i n g  p r i c e  have been pub l i shed . (1 ,3 ,4 ,6 )  Those processes  
based on c o a l  can  be d i v i d e d  i n t o  two g e n e r a l  c a t e g o r i e s :  i n d i r e c t  and d i r e c t .  I n -  
d i r e c t  p rocesses  are t h o s e  r e q u i r i n g  t h e  c o a l  carbon t o  be conve r t ed  i n t o  s y n t h e s i s  

and removal of i m p u r i t i e s ,  i s  r e a c t e d  c a t a l y t i c a l l y  a t  moderate p r e s s u r e  and tempera- 
gas  (hydrogen and carbon monoxide) which,  a f t e r  ad jus tmen t  of t h e  gas  composition 

t u r e  t o  produce methane.  Direct processes  are t h o s e  i n  which t h e  c o a l  carbon i s  com 
bined w i t h  hydrogen t o  produce methane i n  a n o n c a t a l y t i c  o p e r a t i o n  t a k i n g  place a t  
h i g h  p r e s s u r e  and h i g h  tempera ture .  Each approach t o  t h e  p roduc t ion  of  high-Btu gas  
has  advantages as w e l l  a s  d i s a d v a n t a g e s ,  and thus  f a r ,  a c l e a r - c u t  s u p e r i o r i t y  h a s  
n o t  been demonstrated f o r  one o r  the  o t h e r .  This  paper  r e p o r t s  t h e  progress  made by 
t h e  P i t t s b u r g h  Coal Research Center  of  t h e  United S t a t e s  Bureau of  Mines i n  develop- 
i n g  a d i r e c t  p r o c e s s  f o r  c o n v e r t i n g  c o a l  t o  high-Btu g a s .  

A number o f  ' 

I 
{ 
I 
i 

The Bureau 's  concep t ion  o f  hydrogenat ing c o a l  t o  methane i n  d i l u t e - p h a s e  con- 
' 

J 

1 

c u r r e n t  flow o r i g i n a t e d  from a n  e a r l i e r  a t tempt  t o  produce hydrocarbon gases  by en-  
t r a i n i n g  feeds  of  s t r o n g l y  caking  and noncaking c o a l s  i n  a s t ream of hydrogen which 
passed through a h o t  r e a c t o r  i n  t u r b u l e n t  f low.  
h i g h ,  c a r b o n i z a t i o n  of  c o a l  i n  t h e  r e a c t o r  always s topped t h e  f low.  These e x p e r i -  ; 
ments i n d i c a t e d  t h e  p o s s i b i l i t y  of  d e v o l a t i l i z i n g  t h e  c o a l  t o  dry  char  providing the  
coal p a r t i c l e s  w e r e  s m a l l  and d i s p e r s e d  throughout  a s t r e a m  of h o t  gas .  Under these '  
c o n d i t i o n s  t h e  c o a l  p a r t i c l e s  would be h e a t e d  v e r y  r a p i d l y ,  and ,  i f  t h e  diameter  of 
t h e  r e a c t o r  was l a r g e  r e l a t i v e  t o  t h e  e n t e r i n g  feed  s t r e a m ,  t h e  c o a l  would pass  
through i t s  p l a s t i c  range  wi thou t  agglomerat ing i n t o  a l a r g e  mass o r  s t i c k i n g  t o  t h e  
w a l l  of  t h e  r e a c t o r .  
ago us ing  s t r o n g l y  c a k i n g  c o a l ,  hvab P i t t s b u r g h  seam, and hydrogen a t  1,000 ps ig .  
The r e a c t o r  had a d i a m e t e r  of  3 i n c h e s ,  and w a s  h e a t e d  t o  a nominal temperature  o f  
800' C whi le  t h e  e n t e r i n g  s t ream of c o a l  had a d iameter  of 5/16 i n c h .  
f lowing ,  nonagglomerated char  was produced d u r i n g  f r e e - f a l l  through a hea ted  zone 
4 f e e t  i n  l e n g t h .  

Even though t h e  g a s  v e l o c i t y  was 

T h i s  was s u c c e s s f u l l y  demonstrated e x p e r i m e n t a l l y  s e v e r a l  year? 

,' 
A d r y ,  f r e e -  

/ 
Since t h a t  t i m e ,  a dependable  system f o r  hydrogas i fy ing  c o a l  i n  d i l u t e - p h a s e  ha. 

have been o b t a i n e d  f o r  t h e  hydrogena t ion  of d i l u t e - p h a s e  c h a r .  ' 

r e s u l t s  a r e  p r e s e n t e d ,  and a c o n c e p t i o n a l  p r o c e s s  i s  d i s c u s s e d  wherein t h e s e  two 
o p e r a t i o n s  a r e  i n t e g r a t e d  f o r  t h e  p roduc t ion  of high-Btu g a s  on a commercial s c a l e .  f 

n 
DILUTE-PHASE HYDROGENATION il 

been developed,  and expe r imen ta l  d a t a  a r e  be ing  o b t a i n e d .  I n  a d d i t i o n ,  some d a t a  B 
These experimental  

The r e a c t i o n  o f  c o a l  w i t h  hydrogen i n  d i l u t e - p h a s e  i s  in tended  t o  be a means ' 
whereby s t r o n g l y  c a k i n g  c o a l s  can  b e  r e a c t e d  a t  h i g h  tempera tures  i n  t h e  "as  r e c e i v e <  
c o n d i t i o n  w i t h o u t  i n c u r r i n g  agglomera t ion .  The pr imary products  a r e  hydrocarbon gas% 

- I /  Underl ined numbers i n  p a r e n t h e s e s  r e f e r  t o  i tems  i n  t h e  l i s t  o f  r e f e r e n c e s  a t  
t h e  e d  of t h i s  r e p e r t .  

I 1 ,  
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and a s o l i d  res idue of c o a l  which i s  a dry ,  f ree-f lowing,  nonagglomerated char  t h a t  
can be processed f u r t h e r  by hydrogenat ion,  g a s i f i c a t i o n ,  or  burned a s  f u e l ;  i n  addi-  
t i o n ,  a minimal amount of hydrocarbon l i q u i d s  might be produced. One a n t i c i p a t e d  
a p p l i c a t i o n  of d i lu te -phase  hydrogas i f ica t ion  i s  t h e  d i r e c t  conversion of c o a l  t o  
high-Btu gas .  

U n t i l  recent ly ,  a major p o r t i o n  of t h e  work w a s  concerned w i t h  the  development 
of  means f o r  feeding s t r o n g l y  caking c o a l  i n t o  gas mixtures  a t  h igh  temperatures and 
high pressures .  When t h i s  problem was so lved ,  experiments w e r e  made w i t h  the  objec-  
t i v e s  of determining t h e  o p e r a b i l i t y  l i m i t s  o f  the  system wi th  r e s p e c t  t o  c o a l  through- 
put  and t o  explore  the  e f f e c t s  of hydrogen-to-coal r a t i o  on the  q u a l i t y  of  the  product 
gas  and char .  

A l l  experiments i n  d i lu te -phase  hydrogas i f ica t ion  used a feed of P i t t s b u r g h  seam 
c o a l  having a f ree-swel l ing  index of 8 and a v o l a t i l e  conten t  of 4 1  p e r c e n t ,  moisture-  
ash- f ree  b a s i s .  U l t i m a t e  and proximate analyses  are given i n  t a b l e  1. This  choice 

TABLE I 

ANALYSES OF HIGH-VOLATILE A BITUMINOUS COAL 

A s  
rece ived ,  Maf, 

percent  percent  

U 1 t i m a  t e  
Carbon ................. 78.5 84 .0  
Hydrogen ............... 5.4 5.7 
Nitrogen ............... 1.6 1 . 7  
S u l f u r  ................. 1.4 1.5 
Oxygenl l  ............... 7.2  7 . 1  
Ash .................... 5.9 
Moisture  ............... 0.1 

Proximate 
Moisture  ............... 0.1 
V o l a t i l e  mat te r  ........ 38.2 40.9 
Fixed carbon ........... 55.2 59.1 
Ash .................... 5.9 

- i /  By d i f f e r e n c e . '  

of feed was based on t h e  premise t h a t  procedures f o r  overcoming agglomeration would 
apply t o  any o t h e r  c o a l ,  whereas t h e  reverse  might n o t  be t r u e .  The feed  was s ized  
50 x 100 mesh s i e v e  f r a c t i o n ,  U.S. Standard.  

The feed gas  was a mixture  of methane and hydrogen having a composition simu- 
l a t i n g  t h a t  which could be obtained by t h e  p a r t i a l  conversion of char  w i t h  hydrogen 
t o  produce methane; var ious  gas  compositions were used.  
approximated 175 scfh .  
d i lu te -phase  using a methane-rich mixture  could conceivably r a i s e  the  hea t ing  value 
of  the  gas leaving the  r e a c t i o n  zone t o  b e t t e r  than 900 Btu per  s c f  on a c l e a n ,  dry 
b a s i s .  While t h e  c o a l  was being p a r t i a l l y  d e v o l a t i l i z e d ,  i t  w a s  a l s o  being t r a n s -  
formed i n t o  dry ,  f ree-f lowing char  which could be hydrogenated i n  a moving bed without  
agglomerating. 

The feed rate c l o s e l y  
The a d d i t i o n a l  methane produced by hydrogenating c o a l  i n  



188 
-Equipment and Procedure 

The b a s i c  e l emen t s  of  t h e  d i l u t e - p h a s e  system are shown s c h e m a t i c a l l y  i n  
f i g u r e  1. 
of methane and hydrogen i n  a g a s h o l d e r  which supp l i ed  t h e  gas  mix tu re  t o  a compressor 
The 
b a t h  t o  700' C and e n t e r e d  t h e  top  o f  a r e a c t i o n  vessel  h e a t e d  by e x t e r n a l  furnaces  
where i t  con tac t ed  t h e  incoming stream o f  c o a l .  The c o a l  e n t e r e d  t h e  r e a c t o r  through 
a n o z z l e  having a d i a m e t e r  as l a r g e  as one-half  i n c h  and i n  concur ren t  f low with t h e  
h o t  g a s ,  passed th rough  t h e  r e a c t i o n  space  which was 8 f e e t  i n  l e n g t h  by 3 inches i n  
d i a m e t e r .  The r e a c t o r  was hea ted  t o  a nominal temperature  of  725' C which means t h a  
i t s  temperature  w a s  b rough t  t o  a maximum of  725O C and c o n s t a n t  temperatures  were 
a t t a i n e d  over t h e  sys t em b e f o r e  s t a r t i n g  t h e  c o a l  f eed .  Of c o u r s e ,  some v a r i a t i o n s  
i n  temperatures  o c c u r r e d  e s p e c i a l l y  a f t e r  c o a l  feed w a s  s t a r t e d .  P r e s s u r e  equa l i za -  
t i o n  throughout  t h e  coal f e e d i n g  system was ob ta ined  by p rov id ing  a p a r a l l e l  flow 
p a t h  between t h e  f e e d e r ,  t h e  n o z z l e ,  and the  r e a c t i o n  space.  Product  gas  passed 
through a wa te r - coo led  v e s s e l  i n  which wa te r  and a s m a l l  q u a n t i t y  of o i l  vapors w e r e  
condensed and c o l l e c t e d ,  and t h e  gases  were then  reduced i n  p r e s s u r e ,  metered,  and 
c o l l e c t e d  i n  a g a s h o l d e r .  A s m a l l  f low of  gas  was withdrawn and passed through an  
a n a l y z e r  which c o n t i n u o u s l y  r eco rded  t h e  s p e c i f i c  g r a v i t y  of  t h e  g a s ,  thereby showin 
when s t eady  c o n d i t i o n s  had been a t t a i n e d ;  about  15 minutes  were r e q u i r e d  t o  reach 
s t e a d y  c o n d i t i o n s .  

Feed g a s  o f  a g i v e n  composi t ion w a s  made by b l end ing  metered q u a n t i t i e s  

compressed g a s  w a s  h e a t e d  du r ing  f low through c o i l e d  tub ing  immersed i n  a lead , 1 

ti 

! 
1 

Samples of the p roduc t  gas  were withdrawn a t  i n t e r v a l s  and analyz 

R e s u l t s  and Di scuss ion  t 

1 I n  d i l u t e - p h a s e  h y d r o g a s i f i c a t i o n ,  t h e  composi t ion of  t h e  e f f l u e n t  gas  i s  d e t e r -  
mined by the feed g a s  r a t e  and composi t ion and t h e  g a s  y i e l d .  
composi t ion can  be s e l e c t e d  w i t h  some degree  o f  freedom, b u t  t h e  gas  y i e l d  i s  depende 
upon many v a r i a b l e s  some o f  which i n t e r a c t .  c j  
r a t e ,  maximum tempera tu re  a t t a i n e d  by t h e  s o l i d s  and t h e  vapor s ,  r e s i d e n c e  times of 
t h e  s o l i d s  and t h e  v a p o r s ,  t o t a l  p r e s s u r e ,  hydrogen p a r t i a l  p r e s s u r e ,  p a r t i c l e  s i z e  'i 
and d e n s i t y ,  gas  v i s c o s i t y ,  h e a t  c a p a c i t y  o f  t h e  f eed  g a s ,  and thermal  conduc t lv l ty  
of t h e  gases .  Obv ious ly ,  i n  an  i n v e s t i g a t i o n  which i s  p r i m a r i l y  concerned with ! 
development o f  a p r o c e s s ,  a s t u d y  of t h e  v a r i a b l e s  i s  i m p r a c t i c a l .  However, some ' 
expe r imen ta l  d a t a  have been o b t a i n e d  showing t h e  g r o s s  e f f e c t  of several important 
v a r i a b l e s .  
t a b l e  3 fo r  3,000 p s i g .  

The f eed  gas  r a t e  and 

Most prominent o f  t h e  v a r i a b l e s  are:  

1 The r e s u l t s  are g i v e n  i n  t a b l e  2 f o r  experiments  a t  1,500 p s i g  and i n  

The e f f e c t  of  c o a l  r a t e  on the  conve r s ion  of c o a l  t o  gaseous and l i q u i d  products  
was i n v e s t i g a t e d  a t  bo th  p r e s s u r e s  u s i n g  ho t  f eed  gas  a t  a ra te  of 175 s c f h  and an 
approximate compos i t ion  of  50 p e r c e n t  hydrogen, 4 8  p e r c e n t  methane, and 2 percent  
n i t r o g e n .  Over t h e  r e l a t i v e l y  narrow range  o f  5 t o  7 pounds p e r  hour ,  the q u a n t i t y  
of c o a l  converted t o  g a s e s  p l u s  a s m a l l  amount of o i l  and water w a s  approximately 
35 percen t  t o  33  p e r c e n t  based on maf c o a l .  Coal conve r s ion  decreased w i t h  i n c r e a s -  
i n g  c o a l  ra tes ,  be ing  approximately 27 p e r c e n t  a t  a rate of  9 pounds pe r  hour because 
of t he  g r e a t e r  h e a t  l oad  imposed by t h e  inc reased  coal r a t e  w h i l e  t h e  h e a t  i npu t  w a k  
he ld  c o n s t a n t .  
a t  6 t o  7 pounds p e r  hour and dec reased  t o  about  22 o r  2 3  p e r c e n t  a t  9 pounds per  ho6 

The e f f e c t  o f  c o a l  r a t e  on  the  y i e l d  of  hydrocarbon g a s e s  (methane and ethane)  p 
i s  shown i n  f i g u r e  2 .  Approximately 2 4  p e r c e n t  of t h e  maf c o a l  was converted t o  
methane p l u s  a l i t t l e  e t h a n e  a t  6 t o  7 pounds p e r  hour c o a l  ra te  and 3 , 0 0 0  ps ig  whi1F 

. t h e  co r re spond ing  y i e l d  a t  1,500 p s i g  w a s  approximately 2 0  p e r c e n t .  The g r e a t e r  
y i e l d s  were o b t a i n e d  a t  3 , 0 0 0  p s i g  because bo th  t h e  hydrogen p a r t i a l  p r e s s u r e  and 1 
t h e  r e t e n t i o n  t i m e  o f  t h e  c o a l  v o l a t i l e s  were twice a s  g r e a t  as t h a t  ob ta ined  a t  ,, 
1,500 p s i g ,  which a c c e l e r a t e d  t h e  thermal  decomposi t ion and hydrogenat ion of the 
high-molecular  we igh t  v a p o r s .  Hydrocarbon gas  y i e l d s  showed t h e  same dec reas ing  / 
t r end  w i t h  i n c r e a s e d  c n e l  rate a s  w a s  ohge~-ved_ fo r  cnnve r s ion ,  r e s i l l t i n g  from the  

I i 
i nc reased  h e a t  load c a u s i n g  c o a l  t empera tu res  t o  d e c r e a s e .  

1 

/ 

Carbon conve r s ions  were about  28 p e r c e n t  t o  27 p e r c e n t  o f  maf c o a l  

f 
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The e f f e c t  o f  p r e s s u r e  upon c o a l  convers ion  appeared  t o  be less than  the 

accuracy  of t h e  c o n v e r s i o n  da ta- -about  3 p e r c e n t .  
s u r e  was changed o t h e r  dependent  v a r i a b l e s  a lso changed and t h e r e b y  e f f e c t e d  con- 
v e r s i o n .  A c o a l  r a t e  of 9 pounds p e r  hour  appeared t o  be c l o s e  t o  t h e  l i m i t  of 
o p e r a b i l i t y  because  c o a l  tempera tures  were low and the c o a l  was n o t  be ing  devola- 
t i l i z e d  s u f f i c i e n t l y  t o  produce d r y  c h a r .  

Of c o u r s e ,  when t h e  t o t a l  p res -  

I n  another  s e r i e s  of  exper iments ,  t h e  c o a l  and g a s  ra tes  were approximately 

1 c o n s t a n t  a t  6 t o  7 pounds p e r  hour  and 175 s c f h  w h i l e  t h e  q u a n t i t y  of hydrogen SUP- 

p l i e d  w i t h  t h e  feed  g a s  w a s  v a r i e d  over  a f a i r l y  wide range  between 50 and 175 s c f h .  ’ 

Coal  and carbon c o n v e r s i o n s  and y i e l d s  o f  hydrocarbon g a s e s  decreased  w i t h  decreas ing  
hydrogen c o n c e n t r a t i o n  i n  t h e  feed  g a s ;  however, some of  t h i s  change can  be a t t r i -  
buted t o  lower r e a c t i o n  tempera tures  which r e s u l t e d  from t h e  change i n  feed  gas com- 
p o s i t i o n .  The change i n  carbon c o n v e r s i o n  o v e r  t h e  range  o f  hydrogen-to-coal  r a t i o s  
between 10 and 30 i s  shown i n  f i g u r e  3 .  A t  3,000 p s i g ,  reducing  t h e  hydrogen-to-coal  
r a t i o  from 30 t o  10 s c f  p e r  pound of  c o a l  reduced t h e  carbon convers ion  from 35 perce  

i 
t o  24 p e r c e n t  based on maf c o a l .  ? 

1 , The hydrogen- to-coa l  r a t i o  h a s  a n  i m p o r t a n t  b e a r i n g  on t h e  q u a l i t y  of  t h e  gas  
l e a v i n g  the d i l u t e - p h a s e  zone.  I f  high-Btu g a s  i s  t o  be produced,  t h e  feed  gas  must 3’ 

have a composi t ion  t h a t  p r o v i d e s  adequate  hydrogen f o r  convers ion  o f  t h e  c o a l  carbon 
t o  hydrocarbon g a s e s  i n  s u f f i c i e n t  y i e l d  t h a t  t h e  e f f l u e n t  gas  exceeds 900 Btu per  
s c f  i n  g r o s s  h e a t i n g  v a l u e .  
v a l u e  of  t h e  e f f l u e n t  g a s  changed w i t h  t h e  hydrogen- to-coa l  r a t i o  at  t o t a l  p r e s s u r e s  
of  1 ,500  and 3,000 p s i g .  Condi t ions  were t h e  same as t h o s e  r e l a t i n g  t o  f i g u r e  3 .  
The i n c r e a s e  i n  h e a t i n g  v a l u e  w a s  least  a t  t h e  lowest  hydrogen- to-coa l  r a t i o ,  an 
i n c r e a s e  of about  100 Btu p e r  s c f  w i t h  feed  g a s  c o n t a i n i n g  75  s c f  p e r  pound of c o a l  
a t  a t o t a l  p r e s s u r e  o f  3,000 p s i g ;  however, t h i s  was t h e  feed  ra t io  needed t o  produce’ 
an e f f l u e n t  g a s  having  910 Btu h e a t i n g  v a l u e .  An i n c r e a s e  o f  200 Btu i n  t h e  h e a t i n g  , 
val -e  was o b t a i n e d  a t  t h e  c p p c s i t e  extreme where t h e  hydrogei i - to-coal  r a t i o  was 33 sslf 
p e r  pound. The r e d u c t i o n  i n  t h e  d i f f e r e n t i a l  h e a t i n g  v a l u e  r e f l e c t s  bo th  decreas ing  I 
hydrogen p a r t i a l  p r e s s u r e  and t h e  r e s u l t i n g  l o s s  of  h e a t  of  r e a c t i o n .  Of course ,  
t h e s e  d a t a  r e p r e s e n t  one of  many p o s s i b l e  feed  g a s - t o - c o a l  r a t i o s ,  a number of  which 
c e r t a i n l y  would g i v e  a high-Btu e f f l u e n t  g a s .  Many exper iments  would be requi red  
b e f o r e  an optimum f e e d  r a t i o  could  be s e l e c t e d .  

1 
i 

T h i s  can  be seen i n  f i g u r e  4 which shows how t h e  hea t ing  

i 
HYDROGENATION OF CHAR I 

1 
f o r  a p a r t i c u l a r  c o n v e r s i o n .  I 

,I 

Char from t h e  hydrogenat ion  o f  c o a l  i n  d i l u t e - p h a s e  was hydrogenated cont inuous1 
i n  a moving bed a t  3,000 and 1,500 p s i g .  The o b j e c t i v e  w a s  t o  de te rmine  t h e  hydrogent- 
t o - f e e d  r a t i o  t h a t  would produce a n  e f f l u e n t  g a s  of  a c e r t a i n  s e l e c t e d  composition 

Equipment and Procedure 

A schemat ic  d iagram of  t h e  system i s  shown i n  f i g u r e  5 .  The r e a c t i o n  v e s s e l  ’ 

f i l l e d  comple te ly  w i t h  d i l u t e - p h a s e  c h a r  c o n s i s t e d  of  a 5 - f o o t  l e n g t h  of 1- inch p i p e  
connec ted  t o  a 6 - f o o t  l e n g t h  of 1 /2- inch  p i p e .  The l e n g t h  of  t h e  hea ted  zone was 
a d j u s t e d  between l i m i t s  o f  6 and 24 inches  a c c o r d i n g  t o  t h e  c h a r  convers ion  r e q u i r e -  
ments of a p a r t i c u l a r  exper iment .  A v a r i a b l e  speed s c r e w  c o n t i n u o u s l y  discharged / 
r e a c t e d  char  from t h e  bottom of t h e  v e s s e l .  A f low o f  compressed hydrogen was i n t r o - ’  
duccd i n t o  t h e  screw h o u s i n g ,  and h e a t i n g  o c c u r r e d  d u r i n g  upward f low i n  contac t  w i t h  
the  descending s t r e a m  of  hot  c h a r .  The g a s e s  and v a p o r s  were withdrawn a t  t h e  top 
o f  t h e  hea ted  zone and flowed through a c o l d  v e s s e l  where t h e  vapors  condensed and 
werc c o l l e c t e d .  The uncondensed g a s e s  were reduced i n  p r e s s u r e ,  metered ,  and e i t h e r  
c o l l e c t e d  i n  a h o l d e r  from which samples  were withdrawn o r  were d ischarged  t o  the 
atmosphere.  A small  s i d e s t r e a m  was passed c o n t i n u o u s l y  through a meter t h a t  measured 
i t s  s p e c i f i c  g r a v i t y .  
c h a r  r a t  0, and c h a r  c o n v e r s i o n  could be c o n t r o l l e d  by v a r y i n g  t h e  r e & n t i o n  time of  
t h e  c h a r  i n  t h e  r e a c t i o n  zone .  

I 

t 

~ 

Gas composi t ion could  be c o n t r o l l e d  by vary ing  t h e  hydrogen-to- 
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i R e s u l t s  and Di scuss ion  
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I 

Tab le  4 shows t h e  r e s u l t s  ob ta ined  when d i l u t e - p h a s e  c h a r  was hydrogenated.  A t  

TABLE 4 1 
HYDROGENATION OF DILUTE-PHASE CHAR 

P r e s s u r e ,  psi! ............. 1,500 
Temperature ,  C ........... 900 
Residence t i m e ,  minu te s  .... 3 . 5  

s c f  p e r  pound 11 

of maf c h a r  .............. 34 

. Hydrogen/char r a t i o ,  

Conversion,  w t  p c t  
............ 

E f f l u e n t  g a s  compos i t ion ,  p e r c e n t  
Hydrogen .............. 31 
Methane ............... 67 
Ethane ................ 1 
Carbon monoxide ....... 1 

1,500 
900 
7 . 5  

32 

52 

3 5  
63 
1 
1 

3,000 
7 00 
3.5 

25 

26 

62 
36 
1 
1 

I 
1 

V o l a t i l e  c o n t e n t  of r e s i d u e ,  
w t  p c t  ma€ b a s i d  ....... 2.6 2.4 2.6 

i - i /  V o l a t i l e  c o n t e n t  of f eed  char-12.8 p e r c e n t .  

i 
i,500 p s i g ,  900' C, and a ---- LS=;dcncc tine c?f a b x t  3-1!2 minu tes  t h e  conversion 
of  d i l u t e - p h a s e  c h a r  was 34 p e r c e n t ,  based on maf f e e d .  A t  t h e  hydrogen-to- , 
c h a r  feed (maf) r a t i o  o f  11 s c f  p e r  pound, t h e  e f f l u e n t  gas  con ta ined  67 percent  ' 
methane, 31 p e r c e n t  hydrogen,  and 1 p e r c e n t  each  of e t h a n e  and carbon monoxide. 
When the r e s i d e n c e  t i m e  w a s  i nc reased  t o  7-1/2 minu tes ,  t h e  conve r s ion  of char  
i nc reased  to. 52 p e r c e n t .  The composi t ion of  t h e  e f f l u e n t  gas  w a s  63 pe rcen t  
methane, 35 p e r c e n t  hydrogen, and 1 p e r c e n t  each  of e t h a n e  and carbon monoxide. 
The hydrogen-to-maf-char needed t o  produce g a s  of  t h i s  composi t ion was 32 sc f  
p e r  pound. An expe r imen t  a t  700' C and 3,000 p s i g  produced a c h a r  conversion 
o f  26 p e r c e n t  w i t h  a r e s i d e n c e  t i m e  of 3-1/2 minu tes .  
r a t i o  of  25 s c f  p e r  pound was used i n  t h i s  expe r imen t ,  t h e  c o n c e n t r a t i o n  of  
methane w a s  o n l y  36 p e r c e n t ;  t he  o t h e r  c o n c e n t r a t i o n s  were 62 p e r c e n t  hydrogen 
w i t h  1 p e r c e n t  e a c h  o f  e t h a n e  and carbon monoxide. 

I 

,I 
I Because hydrogen-to-char 

These d a t a  emphasize t h e  c o n s i d e r a b l e  r ange  of cha r  conve r s ion  and e f f l u e n t  
g a s  compos i t ions  t h a t  could be ob ta ined  s imul t aneous ly  by v a r y i n g  hydrogen-to- 

q u i r e d  t o  c o n v e r t  one -qua r t e r  t o  o n e - t h i r d  of  t h e  c h a r  t o  methane under the  
c o n d i t i o n s  used .  For e q u a l  r e t e n t i o n  t i m e s ,  more c h a r  was converted a t  
1 ,500  p s i g  and 900' C t han  was conve r t ed  a t  3,000 p s i g  and 700' C ;  hence,  
t empera tu re  had a g r e a t e r  i n f l u e n c e  than  p r e s s u r e  on c h a r  conversion.  

c h a r  r a t i o s  and r e t e n t i o n  t imes.  Only a few minu tes  r e t e n t i o n  t i m e  was re- 1 

( 

I 

,I CONCEPTIONAL PROCESS 

TWO r e a c t i o n  s t a g e s  a r e  r e q u i r e d  i n  t h i s  c o n c e p t i o n a l  p rocess  f o r  the 
d i r e c t  c o n v e r s i o n  of  c o a l  to high-Btu gas:  
c o a l  is p a r t i a l l y  d e v o l a t i l i z e d  i n  a stream o f  ho t  gas  c o n t a i n i n g  a f a i r l y  
h i g h  c o n c e n t r a t i o n  of  methane; decomposi t ion and hydrogena t ion  of t he  c o a l  
v o l a t i l e s  i n c r e a s e s  t h e  methane c o n c e n t r a t i o n  of  t h e  gas  l e a v i n g  t h i s  s t a g e  t o  t 

t h e  e x t e n t  t h a t  removal o f  i m p u r i t i e s  w i l l  g i v e  a p roduc t  exceedqng 900 B t u  Per 
s c f  h e a t i n g  v a l u c ,  and (2 )  a dense-phase s t a g e  i n  which t h e  c h a r  from the f irst  , 

i (1) a d i l u t e - p h a s e  s t a g e  i n  which 

. 



s t a g e  i s  hydrogenated i n  a moving bed thus producing the  hot  methane-hydrogen mixture 
t h a t  i s  fed i n t o  the  f i r s t  s tage .  
range through choice of res idence  t i m e ,  p ressure ,  and temperature;  however, res i -  
dence time of char  i n  t h e  r e a c t i o n  zone has t h e  g r e a t e s t  in f luence  on  o v e r a l l  con- 
v e r s i o n .  Coal conversion i s  he ld  a t  a l e v e l  t h a t  w i l l  supply s u f f i c i e n t  char  f o r  
t h e  production of  the  required amount of  hydrogen. 
approximately 54 percent ,  based on maf c o a l ,  and about 45 percent  of  t h e  c o a l  carbon 
would appear a s  hydrocarbon gases  i n  the product. 

Overa l l  c o a l  conversion can be v a r i e d  over a wide 

Conversion of c o a l  would be 

Figure 6 i s  a s impl i f ied  flow diagram of the  concept iona l  process .  Coal t h a t  
has  been crushed,  d r i e d ,  and s ized  t o  minus 100 mesh s i e v e  s i z e  i s  fed through lock- 
hoppers i n t o  the top of a r e a c t i o n  v e s s e l  where i t  becomes d ispersed  i n t o  a d i l u t e -  
phase during f r e e - f a l l  through hot gas  e n t e r i n g  i n  concurrent  flow. The res idence  
time o f  the c o a l  i n  t h e  d i lu te -phase  s t a g e  i s  about b t o  8 seconds and i s  assumed 
t o  r e s u l t  i n  the conversion of  approximately 25 percent  of the  c o a l  whi le  t h e  c o a l  
v o l a t i l e s ,  having a res idence  time of about 30 seconds,  a r e  hydrocracked t o  gas .  
T h e  p a r t i a l l y  d e v o l a t i l i z e d  c o a l  o r  char  i s  held f o r  3 t o  5 minutes i n  t h e  bottom 
s e c t i o n  of the  r e a c t o r  where the  hydrogen feed e n t e r s .  Approximately 35 percent  
( a s h - f r e e  bas i s )  of t h e  char  i s  converted t o  methane. The gas  leav ing  the  top of 
t h e  char  bed mixes wi th  a p o r t i o n  of the gas from the d i l u t e - p h a s e  s t a g e  and t h e  
combined stream i s  re turned  t o  t h e  top of the  d i lu te -phase  s t a g e .  T h i s  very  hot  g a s  
s u p p l i e s  the  h e a t  needed t o  b r i n g  the  c o a l  feed t o  r e a c t i o n  temperature .  The h o t ,  
outgoing char  res idue  exchanges hea t  wi th  the  cold incoming hydrogen feed before  
being discharged i n t o  lock-hoppers and conveyed t o  an en t ra ined  g a s i f i c a t i o n  p l a n t  
where t h e  hydrogen i s  produced. The raw product gas  i s  withdrawn from the  lower 
p o r t i o n  of  the d i lu te -phase  s t a g e  and conta ins  mostly methane wi th  some hydrogen and 
water  vapor and small  q u a n t i t i e s  of carbon oxides ,  ammonia, and hydrogen s u l f i d e .  
This  g a s ,  being a t  200 atm and about 800° C ,  has cons iderable  p o t e n t i a l  f o r  producing 
u s e f u l  work. We propose t o  recover  e l e c t r i c a l  power by f i r s t  removing t h e  en t ra ined  
s o l i d s  (dust)  and then expanding t h e  gas through a turb ine  t o  an e x i t  p ressure  of 
40 atm and temperature of 520' C (970' F) .  The g a s ,  fol lowing cool ing  and c leaning  
a t  pressure  t o  remove contaminants, could go d i r e c t l y  i n t o  t h e  t ransmission system, 
o r  i t  could be processed f u r t h e r  t o  obLain some a d d i t i o n a l  methane from t h e  smal l  
q u a n t i t y  of r e s i d u a l  carbon monoxide and hydrogen. 

The hydrogenation r e a c t i o n ,  being s t rongly  exothermic,  r e q u i r e s  t h e  removal of 
h e a t  t o  c o n t r o l  the  temperature. This  could be done by pumping water  a t  3,000 ps ig  
through thin-walled tubing d i s t r i b u t e d  throughout the  char  hydrogenation s t a g e .  The 
superheated steam generated i n  t h e  tubing i s  c o l l e c t e d  and expanded through a turb ine  
t o  genera te  a d d i t i o n a l  power, and t h e  condensate i s  re turned t o  the  pump. 

CONCLUSIONS 

Exploratory experiments have shown t h a t  s t r o n g l y  caking c o a l  can be p a r t i a l l y  
d e v o l a t i l i z e d  by d i s p e r s i n g  i t  i n  a d i lu te -phase  i n  a methane-hydrogen mixture  which 
becomes enriched with hydrocarbon gases  from the  c o a l  v o l a t i l e s  and thereby increased  
i n  g r o s s  hea t ing  va lue  t o  900 Btu per  s c f  o r  more. The c o a l  r e s i d u e  was a d r y ,  f r e e -  
flowing char  which i s  very  r e a c t i v e  and e a s i l y  hydrogenated t o  produce a methane- 
r i c h  g a s .  
and t h e  hydrogen-to-char feed r a t i o s ,  while  the  char  conversion was f i x e d  by t h e  
res idence  time and r e a c t i o n  temperature. The two opera t ions  were combined t o  form 
a concept ional  process  f o r  producing high-Btu gas  on a commercial s c a l e .  

The composition of  t h i s  gas  w a s  determined by the  hydrocarbon gas  y i e l d s  

Development of d i lu te -phase  h y d r o g a s i f i c a t i o n  i s  cont inuing with t h e  o b j e c t i v e  
o k  determining t h e  e f f e c t  of h igher  c o a l  temperatures on y i e l d s  and g a s  composition. 
Coals o t h e r  than P i t t s b u r g h  seam a l s o  w i l l  be t e s t e d .  

i 
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